Introduction
Ischemic stroke (IS) is a severe complex disease, which causes a huge public health burden globally 1) . It is critical to better understand its etiology for the better management with regard to prevention and treatment of this disease. Besidesthe risk factors of hyper-dromes of IS; (2) a family history of apoplexy or a previous history of stroke; and (3) cerebral hemorrhage. A total of 378 controls were selected from outpatients with no history of stroke, as confirmed by medical history combined with physical and laboratory examinations at the hospital. Controls had no family history of stroke and were genetically unrelated to the included IS patients. Relevant characteristics and clinical variables of involved subjects, including data regarding age, sex, blood pressure/hypertension, body mass index (BMI), diabetes mellitus, cigarette smoking, alcohol intake, total plasma cholesterol (TC), triglycerides (TG), and low-density lipoprotein cholesterol (LDL-C), were collected. The genotypes of 10 variants, including CYP2J2 rs10889160, CYP2C8 rs17110453, CYP2C8 rs1934980, CYP2C9 rs1799853, CYP2C9 rs1057910, CYP3A5 rs776746, epoxide hydrolase 2 (EPHX2) rs751141, CYP4A1l rs2269231, CYP4A1l rs9333025, and CYP4F2 rs3093135, were examined using a matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) method. According to our previous analyses 15) , IS patients have a higher prevalence of history of hypertension and diabetes as well as an older age. The frequency of the GG genotype for rs9333025 was significantly higher in the IS patients than in the controls (P 0.001). There was a significant influence of genegene interactions among rs17110453, rs751141, and rs9333025 on IS risk. Individuals with a combination of rs17110453CC, rs751141GG, and rs9333025GG had a significantly higher risk of IS than those with a combination of rs17110453AA, rs751141AA, and rs9333025AA (OR 2.86, 95% CI: 1.24 -7.26, P 0.004).
Measurement of Plasma 20-HETE, EETs, and DiHETEs Levels
Among the original 396 IS patients and 378 controls, we measured the plasma CYP metabolite levels in a randomly selected subset of 218 cases and 126 controls. Based on previous studies, including one conducted by us 10, 17) , such a sample size should be sufficient to support our research. Thus, we used such a sample size in the current study and will expand the study size in future. A blood sample (4 ml) was collected intoEDTA/butylated hydroxytoluene (BHT)/ glutathione at the second day after admission. Plasma was isolated following centrifugation, and samples were stored at 80°C until analysis. Specifically, plasma 20-HETE level was measured using a stable isotope dilution gas chromatography/mass spectrometer (GC/MS). Total plasma EETs and DiHETEs levels were measured using a stable isotope dilution GC/MS following base hydrolysis and separation on high perneously hypertensive rat and contributes to stroke severity 7) . Pharmacological inhibition of 20-HETE synthesis also reduces infarct size in rats following transient occlusion of the middle cerebralartery 8, 9) . Despite these preclinical links between CYP metabolites and IS, little is known about the role of 20-HETE, EETs, and DiHETEs in the development of human IS. Although research has shown that plasma CYP metabolite levels are potentially associated with IS 10) , the exact relationship, particularly whether variants of CYP pathway genes play roles in the relationship, remains insufficiently understood.
Several studies have shown that individual genetic variants of CYP pathway may be associated with a risk of IS [11] [12] [13] [14] . In a previous study, we demonstrated that the gene -gene interactions among variants rs17110453, rs751141, and rs9333025 conferred a higher risk of IS 15) . However, the underlying mechanism for such an association is not well understood.
Considering that the assessed variants are predicted to be functional, and the proteins encoded by the corresponding genes are potentially important in the development of stroke 10) , we hypothesize that the potential effect of the identified variant interactions on IS risk is at least partially mediated by the influence on plasma levels of relevant CYP metabolites (20-HETE, EETs, and DiHETEs). The aim of the current study is to test this hypothesis to better understand the relationship between interactions among rs17110453, rs751141, and rs9333025, relevant CYP metabolite levels, and IS risk.
Materials and Methods

Ethics Statement
This study was approved by the Ethics Committee of The People's Hospital of Deyang City. All patients provided written informed consent before their enrollment into this study.
Study Populations
The detailed procedures for the recruitment of acute IS cases and controls were described in a previous study 15) . Briefly, 396 acute IS patients who suffered their first IS related to atherothrombosis (n 270) or small artery disease (n 126) according to theTrial of ORG 10172 in the Acute Stroke Treatment classification system 16) and who were admitted to The People's Hospital of Deyang City within 72 hours of their index stroke were consecutively recruited between August 2010 and March 2013. The exclusion criteria were as follows: (1) any clinically relevant arrhythmia (including atrial fibrillation), cerebral embolism, or other determined or undetermined etiological syn-Odds ratios (ORs) with 95% confidence intervals (CIs) were calculated. A P value of less than 0.05 was considered statistically significant. All analyses were performed using SPSS 16.0 (SPSS Inc., Chicago, IL).
Results
Clinical Characteristics
Continuous variables, including plasma CYP metabolite levels, age, BMI, TC, TG, and LDL-C, were all normally distributed as suggested by the Shapiro -Wilk test (all P 0.05). The main characteristics of the 218 IS cases and 126 controls in whom the CYP metabolite levels were measured are shown in Table 1 . Generally, there were no significant differences between cases and controls regarding age, gender, myocardial infarction history, cigarette smoking, alcohol intake, BMI, previous drug treatment as well as TC, LDL-C, and TG concentrations (all P 0.05). Furthermore, these characteristics did not differ significantly between subgroups of cases according to subtypes of stroke (atherothrombotic stroke or small artery disease stroke) (all P 0.05). On the other hand, the proportions of cases with diabetes mellitus or hypertension are higher than those of controls (P 0.042 and P 0.001, respectively).
Plasma CYP Metabolite Levels
Plasma levels of 20-HETE and DiHETEs were significantly higher in IS cases than in controls, and EETs levels were significantly lower in cases (all P 0.001, Table 2 ). Adjustment for diabetes mellitus or formance liquid chromatography (HPLC), as described previously 10, 17, 18) . The measurement of CYP plasma metabolite levels was established to be highly valid and reproducible 17, 18) .
Statistical Analysis
Continuous variables were compared using the Student's t -test or one-way analysis of variance (ANOVA) if normally distributed;otherwise rank test was used. The 2 test was used to assess Hardy -Weinberg equilibrium for genotype frequencies. For genegene interaction analyses, the generalized multifactor dimensionality reduction (GMDR) method 15, 19) was applied. We compared the plasma CYP metabolite levels across evaluated cases and controls according to their genotype categorization for the variants rs17110453, rs751141, and rs9333025 based on our previous findings 15) . Cases with genotype combination of rs17110453CC, rs751141GG, and rs9333025GG were categorized as a subgroup, and cases with other genotype combinations were categorized as another subgroup. Similarly, controls were categorized into two subgroups. Multivariable logistic regression analyses were then performed to assess the association between the interactions among rs17110453, rs751141, and rs9333025 and CYP metabolites levels after adjusting for other relevant covariates as well as to assess the association between CYP metabolites levels and IS risk after controlling for other relevant covariates. Furthermore, multivariable analysis evaluating the relationship between variant interactions, CYP metabolite levels, and other covariates with IS risk was performed. tions among rs17110453CC, rs751141GG, and rs9333025GG were identified to be independently associated with a higher risk of IS after adjusting for covariates, including CYP metabolites (OR 2.11, 95% CI: 1.27 -5.53, P 0.006).
Discussion
In the present study, we detected that the interactions among variants rs17110453, rs751141, and rs9333025 were significantly associated with CYP metabolite levels; these levels were significantly associated with IS risk, suggesting that our previous finding of the association between the interactions among rs17110453, rs751141, and rs9333025 and IS risk may be mediated by CYP metabolites levels. On the other hand, it was detected that the interactions among rs17110453CC, rs751141GG, and rs9333025GG was independently associated with a higher risk of IS after adjusting for other covariates, including CYP metabolites, suggesting that such an association was not exclusively mediated by CYP metabolite levels. Our findings generate new knowledge for the relationship between rs17110453, rs751141, and rs9333025 interactions, CYP metabolite levels, and stroke risk.
In our study, we found that the plasma levels of 20-HETE and DiHETEs were significantly higher in IS cases than in controls and that EETs levels were significantly lower in these cases. The adjustment for diabetes mellitus or hypertension did not alter the results. Ward et al. 10) and Lee et al. 20) also observed elevated levels of total plasma and urinary DiHETEs in IS patients compared with controls, which is in accordance with our findings. 20-HETE is a potent vasoconstrictor 4) and is involved in endothelial dysfunction 21) ; it also helps in the formation of oxygen radicals 22) . The inhibition of 20-HETE synthesis reduces both cerebral 20-HETE levels and total infarction volume following transient occlusion of the middle cerebral artery 8, 9) . In contrast to the effect of 20-HETE, which is a vasoconstrictor, is that of EETs, which are . hypertension did not alter results for plasma 20-HETE, DiHETEs, and EETs.
Association between Plasma CYP Metabolite Levels and CYP Genetic Variants
We did not detect associations between CYP metabolite levels and 10 assessed variants of CYP pathway genes (all P 0.05, Supplementary Table) . However, stratified analyses based on different genotype combinations of the three relevant variants revealed differences in CYP metabolite levels between subgroups of variant genotype combinations. Specifically, IS patients carrying the genotype combination of rs17110453CC, rs751141GG, and rs9333025GG tended to have higher 20-HETE and DiHETEs levels and lower EETs level than controls who carried the same genotype combination (all P 0.001, Table 3 ). When focusing on IS patients, individuals with the genotype combination of rs17110453CC, rs751141GG, and rs9333025GG tended to have higher 20-HETE and DiHETEs levels and lower EETs level than individuals with other genotype combinations of these variants (all P 0.001, Table 3 ).
Logistic Regression Analyses for Assessing the Relationship between Variant Interactions, CYP Metabolite Levels, and IS Risk
Our previous analysis suggested thatthe interactions among rs17110453, rs751141, and rs9333025 were significantly associated with an increased risk of IS (OR 2.36, 95% CI 1.23 -5.30, P 0.005) 15) . In the current study, we found that the genotype combination of rs17110453CC, rs751141GG, and rs9333025GG was significantly associated with 20-HETE (OR 2.01, 95%CI 1.32 -5.62, P 0.004), DiHETEs (OR 1.93, 95%CI 1.22 -4.28, P 0.006), and EETs (OR 1.88, 95%CI 1.17 -3.34, P 0.018) after adjusting for status of diabetes mellitus and hypertension. The 20-HETEs and DiHETEs as well as EETs were significantly associated with a risk of IS after adjusting for hypertension, diabetes mellitus, and the genotype combination of rs17110453CC, rs751141GG, and rs9333025GG (Table 4) . Furthermore, the interac- in our previous study, ensuring assessing the relationship of genotype information, metabolite levels, and disease status in the same group of subjects. Our study helps to better understand the relationship between the identified variant interactions, CYP metabolites levels, and IS risk. The findings of the current study will lead further research to better understand the genetic basis for the complex pathogenesis of IS. Potential limitations of our study need to be acknowledged. First, we detected significant differences between the evaluated cases and controls with regard to diabetes mellitus and hypertension status. One previous study demonstrated that 20-HETE excretion might be associated with hypertension 26) . However, our regression analyses for the research question of interest adjusted for these potential covariates and provided adjusted estimates. In our study sample there were no significant differences between IS cases and controls with regard to age and cigarette smoking, which were suggested to be IS risk factors in previous research. Selection bias might exist in the current study, and our findings need to be replicated in further studies. Second, subjects in the current study are only a subset of individuals involved in the previous analysis, precluding a more comprehensive evaluation of the research question with all previously involved subjects. However, such a subset of individuals was randomly selected, and there were no significant differences of the main characteristics (age, gender, myocardial infarction history, cigarette smoking, alcohol intake, BMI, diabetes mellitus, and hypertension as well as TC, LDL-C, and TG concentrations) between the subset of individuals included in the current study and those that were not included. Third, CYP450 metabolite levels may be affected by acute cerebral ischemia itself 27) . In the present study, plasma CYP450 metabolite levels were measured in acute phase, and we did not eliminate potential effect of acute cerebral ischemia on CYP450 metabolite levels. Further studies are needed to evaluate CYP450 metabolite levels in
In the current study, we detected that DiHETEs are significantly higher and EETs are significantly lower in IS cases than in controls, suggesting that there may be increased soluble epoxide hydrolase (sEH) activity in IS patients. In a mouse model of stroke, inhibiting sEH results in reduced ischemic damage and elevated cortical blood flow during vascular occlusion 23) . Our study and those conducted by others indicate that CYP metabolites might play a role in the pathophysiology of acute IS.
CYP genes encode for enzymes responsible for arachidonic acid metabolism. Numerous studies have indicated that genetic variants of CYP pathway genes may be associated with a risk of IS 11, [24] [25] [26] . We have previously demonstrated that the gene -gene interaction of the variants rs17110453 (CYP2C8), rs751141 (EPHX2), and rs9333025 (CYP4A11) predispose patients to IS risk 15) . CYP2C8 encodes for a major epoxygenase enzyme, and its functional variants may decrease circulating EET metabolite level. EPHX2 encodes for sEH, which can metabolize EETs to less biologically active DHET 6) . The dysregulation of sEH has been implicated in IS development 24) . CYP4A11 encodes for CYP -hydroxylase, which can metabolize AA into 20-HETE. Functional variants within this gene may be associated with IS by regulating 20-HETE 26) . In the current study, it was suggested that the interaction effect of the variants rs17110453, rs751141, and rs9333025 on IS risk was partially but not exclusively mediated by CYP450 metabolite levels. We speculate that the interactions among rs17110453CC, rs751141GG, and rs9333025GG could potentially confer individuals with this specific genotype combination to have lower circulating EET levels and higher 20-HETE levels than those with other genotype combinations, thereby increasing the risk of IS. Our findings warrant further investigations to clarify the underlying mechanism.
Our study has several strengths. We explored the research question using a subset of subjects evaluated The V433M variant of the CYP4F2 is associated with ischemic stroke in male Swedes beyond its effect on blood chronic phase and clarify the effect of acute cerebral ischemia on CYP450 metabolite levels. Fourth, due to the nature ofthe limited sample size and single-center study, findings of the current study need to be validated in larger, multi-center studies. Studies focusing on populations beyond Chinese are warranted todetermine whether our findings can be generalized to other populations. It is also meaningful to extend our study to include follow-up data to better understand the research question of interest. We are in the process of collecting follow-up information to conduct more comprehensive analyses.
In conclusion, our study suggests that the association between the identified interactions among rs17110453, rs751141, and rs9333025 and IS risk in Chinese population is partially but not exclusively mediated by CYP450 metabolite levels. Further studies are warranted to better understand the relationship. Other input variables including: body mass index, alcohol intake, CYP2J2 rs10889160, CYP2C8 rs17110453, CYP2C8 rs1934980, CYP2C9 rs1799853, CYP2C9 rs1057910, CYP3A5 rs776746, EPHX2 rs751141, CYP4A1l rs2269231, and CYP4F2 rs3093135. OR for continuous variables means per 1-unit increase.
